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•Walnut shell based activated carbon was tested for adsorption of two antibiotics. 
•The role of pH and temperature, on the removal, was studied by a Box-Behnken design. 
•The pH had the highest effect on Metronidazole (MNZ) removal. 
•The temperature had the greatest influence on Sulfamethoxazole (SMX) removal. 
•Langmuir maximum sorption capacities of 107.4 mg/g for MNZ and 93.5 mg/g for SMX 
 
Abstract 
Three-level Box-Behnken experimental design with three factors (pH, temperature and 
antibiotic initial concentration) combined with response surface methodology (RSM) was 
applied to study the removal of Metronidazole and Sulfamethoxazole by walnut shell 
based activated carbon. This methodology enabled to identify the effects of the different 
factors studied and their interactions in the response of each antibiotic. The relationship 
between the independent variable (sorption capacity) and the dependent variables (pH, 
temperature and antibiotic concentration) was adequately modelled by second-order 
polynomial equation. The pH factor exerted a significant but distinct influence on the 
removal efficiency of both antibiotics. The removal of Metronidazole is favoured by 
increasing pH values, with the maximum value obtained for pH 8 - upper limit of the 
study domain; while Sulfamethoxazole displays a maximum value around 5.5, with a 
decrease in the extent of adsorption as the pH increases. The best conditions, predicted 
by the model, for the removal of the antibiotic Sulfamethoxazole (106.9 mg/g) are 
obtained at a temperature of 30 °C, initial concentration of 40 mg/L and a pH value of 
5.5. For the antibiotic Metronidazole, the highest removal value (127 mg/g) is expected 
to occur at the maximum levels attributed to each of the factors (pH = 8, Cin = 40 mg/L, 
T = 30 °C). The results of isotherm experiments (at 20 °C and pH 6) displayed a good 
agreement with the models predictions. The maximum sorption capacity, estimated by 










Response surface methodology 
 
1. Introduction 
Recently, a significant number of studies regarding the environmental occurrence and fate 
of pharmaceuticals and personal care products (PPCPs) have been published. These 
substances are released to environmental waters both directly and indirectly through a 
range of diffuse and point source pathways (H. Jones et al., 2005; Khetan and Collins, 
2007; Papageorgiou et al., 2016). 
Antibiotics are among the most commonly reported PPCPs compounds currently reported 
to occur in the water cycle (surface water, groundwater, drinking water and wastewaters) 
as well as in the soil, sewage sludge and sediments (Arpin-Pont et al., 2016; Carvalho and 
Santos, 2016; Gros et al., 2012; Kümmerer, 2009a; Loos et al., 2009, Loos et al., 2010; 
Teijon et al., 2010; Thiele-Bruhn, 2003). The widespread use of antibiotics has led to a 
growing concern in the occurrence and fate of their residues in the environment. The 
emergence and spread of antimicrobial resistance has become a major public health 
problem world-wide. The inappropriate use of therapeutic antimicrobials in human and 
veterinary medicine, the use of antimicrobials for non-therapeutic purposes contributed 
to the emergence and spread of resistant microorganisms (Kümmerer, 2009b; Sande-
Bruinsma et al., 2008; Tello et al., 2012). The potential of antibiotics to induce the 
development of resistant strains of bacteria and to maintain populations of resistant strains 
is one of main issues that their occurrence in the environment raise (Huerta et al., 2013; 
Tello et al., 2012). Metronidazole and Sulfamethoxazole are two antibiotics widely used 
in human and veterinary medicine. These compounds have been entering the environment 
for decades. Water and soil have been shown to contain measurable amounts of both 
antibiotics (Arpin-Pont et al., 2016; Lindberg et al., 2004; Loos et al., 2009, Loos et al., 
2010; Paíga et al., 2016; Tolls, 2001).The main route of Metronidazole and 
Sulfamethoxazole antibiotics into the environment is via sewage treatment plants. Both 
antibiotics are ineffectively removed by conventional treatment systems and their 
occurrence has been well documented, especially Sulfamethoxazole, which is one of the 
most detected pharmaceutical compounds (Coutu et al., 2013; Kasprzyk-Hordern et al., 
2009; Kovalova et al., 2012; Loos et al., 2012; López-Serna et al., 2013). 
Advanced treatment of municipal wastewater, for example, has been shown to 
significantly reduce the presence of several PPCPs substances, as well as antibiotics, in 
treated effluent discharged to receiving waters. Recent research indicates that treatment 
processes, such as ozonation, advanced oxidation, membrane separation (e.g. 
nanofiltration, reverse osmosis) and adsorption on activated carbon, or combined 
treatment processes should be taken into consideration to ensure successful treatment of 
the variety of micropollutants (Joss et al., 2008; Kovalova et al., 2013; Reungoat et al., 
2012; Snyder et al., 2007; Vieno et al., 2007). 
Activated carbon is a common process applied to remove a broad spectrum of dissolved 
organic and inorganic species from both gas phase and liquid phase. This great flexibility 
in the applications of activated carbons arises from the wide range of not only physical 
surface properties but also chemical properties of commercially available and/or 
specifically treated carbon materials (Moreno-Castilla, 2004). 
Several agricultural and wood by-products have been study as an inexpensive and 
renewable additional source for activated carbon production (Gupta et al., 2009). These 
are normally waste materials with little or no economic value and often present a disposal 
problem. In addition, the demand for activated carbon has been increasing worldwide, 
and it is expected to continue raising in the near future (Roskill, 2016). Walnut shells are 
among the wide range of lignocellulosic waste materials that have been suggested as 
efficient sorbent alternatives (Gupta et al., 2009). Due to the low ash content, bulk density 
and mechanical properties it has been used as low-cost sorbent for metal and oil removal 
but also as precursor material for activated carbon production (Hu and Vansant, 1995; 
Kim et al., 2001; Martínez et al., 2006; Srinivasan and Viraraghavan, 2008). 
Granular activated carbon (GAC) and powdered activated carbon (PAC) are increasingly 
adopted in water treatment to remove pesticides and improve taste and odour, and these 
processes have been shown to be able to remove several pharmaceuticals, including 
antibiotics, by adsorption (often followed by biodegradation on the GAC surface biofilm) 
(Carvalho and Santos, 2016; Flores-Cano et al., 2016; Homem and Santos, 2011; Rivera-
Utrilla et al., 2013). 
Activated carbon capacity is strongly dependent on the pore structure (pore shape/size 
and volume) and surface chemistry properties (e.g. functional groups and point of zero 
charge). Although the activated carbon surface is predominantly hydrophobic it might 
also contain several polar functional groups. These groups contain some heteroatoms, 
mainly oxygen, but may also contain nitrogen and sulfur. The nature of these functional 
groups depends on activation conditions and contributes to the acid/base character of the 
surface and to specific interactions with adsorbed compounds (Moreno-Castilla, 2004; 
Rodríguez-Reinoso, 2001). Activated carbons are also known to show an amphoteric 
character in aqueous solutions; their surface charge density depends on the solution pH. 
Besides activated carbon properties, the ability to remove organic micro-pollutants 
depends on the solution chemistry (e.g. pH, ion strength and temperature), as well as the 
contaminant properties (e.g. water solubility, hydrophobicity, charge, polarizability, size, 
aromaticity and the presence of specific functional groups) (Moreno-Castilla, 2004; 
Rodríguez-Reinoso, 2001). The solution pH is one of the most important parameters since 
it simultaneously affects the surface charge of the activated carbon and the 
ionization/speciation of the solutes, with effects on its solubility and hydrophobicity (Gao 
and Pedersen, 2005; Haghseresht et al., 2001; Ji et al., 2009; Yang et al., 2011; Zhang et 
al., 2010;Teixeira et al., 2012). 
The availability of adsorption data for PPCPs is still limited. Most of the studies on the 
removal of PPCPS, including antibiotics, have been carried out by testing a broad range 
of compounds in bench scale experiments, pilot-scale or by directly evaluating removals 
through full-scale facilities. In these studies, the removal efficiencies of the antibiotics 
Metronidazole and Sulfamethoxazole ranged from less than 2% up to 98% (Kovalova et 
al., 2013; Margot et al., 2013; Santos et al., 2013; Snyder et al., 2007). This wide variation 
among studies is due to several factors such as the frequency of activated carbon 
regeneration/replacement, the presence of natural organic matter, activated carbon type 
(e.g. porosity, surface chemistry), compounds proprieties and solution chemistry. 
There is, therefore, a need to study and optimize the removal conditions for a better 
understanding of the removal mechanism(s) and higher GAC performance. In this paper, 
a three-level Box–Behnken design was employed with response surface methodology 
(RSM) to maximize the removal of the two target antibiotics. Discussion highlights the 
influence of pH, temperature solution and antibiotic characteristics on the sorption 
process. 
2. Materials and methods 
2.1. Reagents and materials 
Metronidazole and Sulfamethoxazole were purchased from Sigma-Aldrich (Sintra, 
Portugal). The physicochemical properties and the chemical structures of both 
compounds are listed in Table 1. Individual stock standard solutions at a concentration of 
1 g/L were prepared in methanol and stored at −18 °C in dark glass vials. Working 
standard solutions were prepared daily by appropriate dilution of the stock solution with 
water. The water was distilled, deionized, and filtered through 0.45 μm nylon membrane 
filters (Sigma-Aldrich). Methanol and acetonitrile (ACN) were of HPLC grade. These 
solvents were obtained from VWR (Porto, Portugal). Sodium phosphate monobasic 
monohydrate (purity > 99.0%) and sodium phosphate (purity > 99.0%) were purchased 
from Sigma-Aldrich. Citric acid monohydrate (purity > 99.0%), hydrochloric acid, 
sodium hydroxide and sodium chloride (purity > 99.0%), were obtained from VWR. 
Standard hydrochloric acid (0.1 M) and sodium hydroxide solutions (0.1 M) were 
purchased from Sigma-Aldrich. 
Table 1. Textural properties, pHpcz and total acidity and basicity. 
SBet (m2/g) Va (cm3/g) pHpcz 
Total acidity Total basicity 
(meq/100 g activated carbon) 
934 0.457 6.08 ± 0.03 138.5 ± 5.2 34.7 ± 1.8 
a 
Volume of pores with diameter between 2 and 0.61 nm (determined by N2; DFT 
method). 
2.2. Activated carbon 
The starting material (walnut shell; by-product of agricultural production obtained in the 
northern region of Portugal) was grounded and sieved. The fraction 
1000 μm < d < 2000 μm was selected and then washed with deionized water, oven-dried 
for 48 h at 105 °C, and kept in a controlled humidity atmosphere. These samples were 
pyrolyzed at 300 °C, for an hour, in nitrogen atmosphere. The walnut char was then 
impregnated with K2CO3 solution (activating agent; impregnation ratio of 1:1), at room 
temperature, and finally heated at 105 °C, for 8 h, with a total preparation time of 
approximately 24 h (impregnation and drying). The materials were then placed in a 
vertical furnace for activation. Nitrogen gas was used as a purge gas for 20 min before 
heating up. The impregnated char was heated at 10 °C/min until the desired temperature 
(900 °C) was achieved and held for 1 h, in an inert atmosphere (N2 at 200 mL/min).The 
activated carbon was thoroughly washed, dried at 105 °C, sieved (the fraction 
710 μm < d < 1000 μm was employed) and finally placed in desiccator before further use. 
The basicity and acidity of the carbon material were determined by a procedure reported 
elsewhere (Pereira et al., 2003). Briefly, 100 mg of activated carbon was added to 25 mL 
of HCl solution (0.05 M; basicity estimation) or NaOH solution (0.1 M; acidity 
determination) in a capped Erlenmeyer flask and equilibrated for 48 h, in a 
thermostatically controlled incubator (Lovibond, Dortmund, Germany) at 20 °C with 
magnetic agitation (Multistirrer 15, Velp Scientifica, Milan, Italy). The solutions were 
filtrated and subsequently back-titrated (aliquots of 10 mL, in duplicate) with NaOH 
(0.1 M; basicity estimation) or HCl solution (0.1 M; acidity determination). Blank tests 
were also carried out. The point of zero charge (pHpzc) was determined by the pH drift 
method (Ferro-García et al., 1998). A Crison GLP 21 pH-meter (Barcelona, Spain) with 
a combined glass electrode was used and the solutions were stirred and bubbled with 
purified nitrogen during the pH measurements (to avoid CO2 dissolution). The pH of a 
0.01 M NaCl solution was adjusted to a value between 2 and 10 using diluted solutions 
of HCl or NaOH. The activated carbon (25 mg) was added to 50 mL of the pH adjusted 
solution in a capped Erlenmeyer flask and equilibrated for 48 h, in a thermostatically 
controlled incubator (Lovibond) at 20 °C with magnetic agitation (Multistirrer 15, Velp 
Scientifica). The final pH was measured and plotted against the initial pH. The pH at 
which the curve crosses the pHinitial = pHfinal line was taken as the point of zero charge. 
pHpzc assays were performed in duplicate. The SBET and micropore volume were obtained 
from the N2 isotherms at −196 °C (Autosorb™ – QuantaChrome, Florida, USA). The 
main textural and chemical characteristics of the activated carbon are summarized in 
Table 2. 

























Data from: (Davis et al., 2006). 
b 
Data from: (Carda-Broch and Berthod, 2004). 
c 
Data from: (Royer et al., 2009). 
d 
Data from: (Qiang and Adams, 2004). 
e 
Data from: (Wu and Fassihi, 2005). 
f 
Data from: (Martínez et al., 2003). 
2.3. Sorption studies 
Sorption studies (experimental design and sorption isotherms) were conducted in 
Erlenmeyer closed flasks, equilibrated in a thermostatically controlled incubator 
(Lovibond) with magnetic agitation (Multistirrer 15, Velp Scientifica). Preliminary 
kinetic tests were carried out in order to determine the equilibrium time. A contact time 
of 48 h was enough to allow the equilibrium between the two phases (solid/liquid) for all 
the experimental conditions considered in this study. Sorption experiments were 
performed in citrate (pH 2 and 5) and phosphate (pH 6 and 8) buffers with initial 
concentration of 20 mM and pH adjusted with diluted solutions of HCl or NaOH to the 
desired value. In parallel, blank assays were prepared without activated carbon or 
antibiotic. Triplicate samples were evaluated for each set of conditions and the average 
values are reported. The solutions were filtered through 0.20 μm PTFE syringe filter 
(VWR) before HPLC analysis. Sorption isotherms experiments were conducted for initial 
antibiotic concentrations ranging from 0.50 to 40 mg/L and activated carbon amount of 
10 mg. 
2.4. Experimental design 
Experimental design and Response Surface Methodology (RSM) are useful statistical 
techniques that can be used to identify and optimize the relevant factors that influence a 
specific process (Dean and Voss, 1999). It is an experimental strategy to obtain the 
optimum conditions for a multivariable system. One of the most common and efficient 
design used in response surface modelling is the Box–Behnken design. In this study a 33 
Box–Behnken factorial design was employed to identify the factors (independent 
variables) having significant effect on the antibiotics Metronidazole and 
Sulfamethoxazole removal (dependent variables). The factors were selected and the 
ranges were further assigned based on our previous experience. Three factors, i.e. pH, 
temperature and antibiotic concentration were chosen. Each independent variable was 
coded at three levels between −1 and +1. The factors with their variation levels, are shown 
in Table 3. The experimental design used included 42 observations (randomized) - 12 
factorial points (in triplicate) and six center points. The design of experiments matrix with 
the outcomes of experiments is shown in Table 4. The experimental data were fitted to a 
second-order model (Eq. (1)):(1) 
where y is the predicted response (antibiotic sorption capacity, mg/g), xi, xj are the input 
variables (independent variables - pH, temperature and antibiotic concentration) and β 
denotes the regression coefficient - β0 the intercept; βi, βii and βij are the coefficients for 
the linear, quadratic and interaction effects, respectively. JMP 5.01 (SAS Institute Inc., 
Cary, NC, USA) software was used to generate the matrix design, statistical analysis and 
regression models. The significance of the second-order models was evaluated by 
analysis of variance (ANOVA). The insignificant coefficients were eliminated and the 
final models were obtained. 
Table 3. Independent variable levels and codified values for the Box-Behnken 
experimental design. 
Fator Coded factor 
Level 
−1 0 1 
pH X1 2 5 8 
T (°C) X2 10 20 30 
Cin (mg/L) X3 20 30 40 
Table 4. Experimental Box-Behnken design matrix, measured (qexp) and predicted results 
(qmod). 
Run 
Factors Metronidazole Sulfamethoxazole 
pH X1 T (°C) X2 Cin (mg/L) X3 qexp (mg/g) qmod (mg/g) qexp (mg/g) qmod (mg/g) 




57.8 35.2 54.9 
33.8 54.3 




62.3 33.2 60.3 
39.3 65.7 




76.6 43.5 73.3 
45.4 79.0 




80.4 43.4 79.3 
46.3 75.8 
5 5 10 20 72.7 72.4 68.9 69.7 
Run 
Factors Metronidazole Sulfamethoxazole 
pH X1 T (°C) X2 Cin (mg/L) X3 qexp (mg/g) qmod (mg/g) qexp (mg/g) qmod (mg/g) 
66.4 70.9 
73.8 69.9 




67.7 80.9 69.7 
95.6 67.5 














76.1 73.9 73.4 
77.6 73.7 




106.5 108.1 115.5 
115.2 102.8 




66.1 90.0 64.9 
91.6 68.8 




70.7 74.7 70.3 
85.5 70.7 




84.9 112,7 83.9 
114.1 81.3 
13 8 30 30 107.1 105.0 85.8 88.7 
Run 
Factors Metronidazole Sulfamethoxazole 
pH X1 T (°C) X2 Cin (mg/L) X3 qexp (mg/g) qmod (mg/g) qexp (mg/g) qmod (mg/g) 
110.0 94.9 
112.4 93.1 
2.5. Analytical method 
Chromatographic analyses, for the individual antibiotics studied, were performed with a 
Merck Hitachi (Tokyo, Japan) system equipped with a L-7100 pump (Merck Hitachi), a 
Autosampler Model L-7250 (100 μL loop) and a diode array detector L-7450 A (Merck 
Hitachi). Data was acquired and processed by HSM D-7000, version 3.1, software. A 
reversed-phase Purospher RP-18 endcapped column (250 mm × 4 mm, particle size 5 μm) 
and a guard column Purospher RP-18e (4 mm × 4 mm) supplied by Merck (Darmstadt, 
Germany) were used. The method was based on a previously published methodology, 
with some modifications (Teixeira et al., 2008). The mobile phase consisted of a buffered 
aqueous solution (citrate buffer 20 mM with pH adjusted to 2.50 ± 0.02) and acetonitrile 
(90:10 v/v; aqueous buffer:acetonitrile), at a flow-rate of 0.8 mL/min, for Metronidazole 
analysis. Sulfamethoxazole analysis was also performed in isocratic elution mode with a 
mobile phase consisted of a buffered aqueous solution (citrate buffer 20 mM with pH 
adjusted to 2.50 ± 0.02) and acetonitrile (75:25 v/v; aqueous buffer:acetonitrile), at a 
flow-rate of 0.8 mL/min. Injection volume was 100 μL and the analyses (in triplicate) 
were performed at room temperature. Antibiotic identification was performed by 
comparison of standards, concerning retention time and UV spectra of the analyte. 
Detection was performed at 316 and 270 nm for Metronidazole and Sulfamethoxazole, 
respectively. Peak purity evaluation was also performed. Quantification was carried out 
using external calibration. Both methods were validated with all established calibration 
curves (in the range between 5 a 500 μg/L) and characterized by high determination 
coefficients (R2 > 0.999). The precision (CV %), for both compounds, ranged from 0.3 to 
8.5% and 0.6 to 10%, for intra-assay and inter-assay conditions, respectively. Accuracy 
was estimated through analytical recovery tests in order to evaluate the suitability of the 
developed method for the determination of the target antibiotics in the aqueous matrices. 
Recovery ranged from 99.4 to 100.3%. 
3. Results and discussion 
The great applicability of activated carbon in the removal of pollutants lies in a versatility 
that is considered unique and depends on the process and conditions employed and the 
raw material (precursor) from which it is produced. In addition to the high versatility these 
adsorbents are also distinguished by their high adsorption capacity due to their well-
developed internal pore structure, surface area and the presence of a wide spectrum of 
surface functional groups. The main textural and chemical characteristics of the activated 
carbon are summarized in Table 1. Besides activated carbon properties, the ability to 
remove organic micro-pollutants depends on the solution chemistry (e.g. pH, ion strength 
and temperature), as well as the contaminant properties (e.g. water solubility, 
hydrophobicity, charge, polarizability, size, aromaticity and the presence of specific 
functional groups) (Moreno-Castilla, 2004; Rodríguez-Reinoso, 2001). 
Metronidazole and Sulfamethoxazole are ionizable compounds and, depending on the pH 
of the medium, their neutral and ionized forms coexist in solution (Table 2). Removal of 
these species may, consequently, be significantly affected by pH and controlled by 
different mechanisms, possibly operating simultaneously. 
3.1. Response surface methodology (RSM) results 
The experimental conditions of the design, the results obtained (qexp) and predicted by the 
quadratic model (qmod) are given in Table 4. A total of 42 observations (randomized) were 
performed for each antibiotic. Three replications were carried out for all design points 
and six to the center point. The experimental data were initially fitted to the complete 
second-order models (Eq. (1)) and only the significant terms were maintained in the 
models (Table 5). The quality of the adjusted models was evaluated by means of 
determination coefficients, residues and lack-of-fit test obtained from the analysis of 
variance (ANOVA). The statistical significance of the models and of the coefficients was 
determined for a probability level of 5%. The fitted quadratic models have determination 
coefficients higher than 91% and the lack-of-fit test indicate that the models are adequate 
(p-value ≥ 0.05). The ANOVA results showed that the quadratic models could be used to 
navigate the design space (further details can be found in the supplementary material). 
The quadratic equations (in coded factors) for Metronidazole and Sulfamethoxazole are 
given in Eqs. (2), (3), respectively:(2) 
(3) 
Table 5. Fitted quadratic polynomial models. 
 
Metronidazole Sulfamethoxazole 
Coefficient p-Value Coefficient p-Value 
β0 85.2 ± 2.5 3.6E-39 92.2 ± 3.7 1.6E-33 
β1 28.6 ± 2.2 5.0E-25 4.2 ± 1.9 6.2E-05 
β2 6.7 ± 2.2 2.8E-07 11.3 ± 1.9 4.2E-14 
β3 11.3 ± 2.2 1.4E-12 7.1 ± 1.9 4.6E-09 
β12 n.s.a  n.s.  
β13 5.5 ± 3.0 8.3E-04 n.s.  
β23 5.2 ± 3.0 1.4E-03 8.1 ± 2.6 4.0E-07 
β11 −15.5 ± 3.3 2.6E-11 −12.7 ± 2.9 3.2E-10 
β22 n.s.  −6.3 ± 2.9 1.3E-04 
β33 n.s.  −5.9 ± 2.9 2.5E-04 
R2 0.9662 0.9137 
Lack-of-fit p-value 0.22 0.25 
a 
Not significant (95%). 
3.2. Response surface methodology (RSM) analysis – factor influence 
The three-dimensional response surfaces (with one variable kept constant and varying the 
other two variables within the experimental range) are shown in Fig. 1, Fig. 2. 
 
Fig. 1. Response surface plot for Metronidazole: (a) initial concentration vs pH at 20 °C; 
(b) temperature vs pH for Cin = 40 mg/L; (c) initial concentration vs temperature for 
pH = 6. 
 
Fig. 2. Response surface plot for Sulfamethoxazole: (a) initial concentration vs pH at 
20 °C; (b) temperature vs pH for Cin = 40 mg/L; (c) initial concentration vs temperature 
for pH = 6. 
The predicted values for the responses range from 34.5 to 115.1 mg/g and from 57.8 to 
106.7 mg/g for Metronidazole and Sulfamethoxazole, respectively (Table 4). 
The linear terms are, for the three independent variables pH, T and Cin, significant for 
both models. Only the quadratic effect of pH has a significant influence on the response 
observed for the antibiotic Metronidazole, whereas all quadratic terms are significant in 
the model adjusted to the data obtained for Sulfamethoxazole. The pH (linear effect) is, 
in the case of the antibiotic Metronidazole, the parameter that had the greatest influence 
on the adsorbed amount. For the antibiotic Sulfamethoxazole, it is the temperature (linear 
effect) that has the greatest influence on the amount adsorbed. 
The results concerning the adsorption of the antibiotic Metronidazole (Fig. 1) 
unequivocally show that the conditions that maximize the response coincide with the 
maximum levels assigned to the factors. The predicted value for the adsorbed amount is, 
under these conditions (pH = 8, Cin = 40 mg/L, T = 30 °C), of 127 mg/g. It is interesting to 
note, in particular, the behaviour of the response as a function of the pH and the 
temperature. The increase of these two variables always led to an increase in adsorption 
capacity. Thus, it is not possible to determine the optimum conditions within the range 
studied, higher values of temperature and in particular of pH might lead to higher 
removals but are, however, less probable operating conditions. The pH influence is even 
more evident when, for example, by setting the temperature at 20 °C and considering the 
maximum concentration (Cin = 40 mg/L), a variation in the adsorbed amount of 47 mg/g 
to 115 mg/g is expected for a pH variation between 2 and 8 (Fig. 1). 
For pH values equal to or >6 the adsorption capacity (predicted) is higher than 105 mg/g. 
The model predicts, for a variation of 2 units in the pH value (from 6 to 8), an increase of 
approximately 10 mg in the adsorption capacity. A variation from 94 to 118 mg/g is 
predicted for the adsorption capacity when a change in temperature occurs in the range 
of 10 to 30 °C (at pH 6 and Cin = 40 mg/L). 
The best conditions, predicted by the model, for the removal of Sulfamethoxazole were 
the following: a value of 5.5 for pH (within the variation range selected for this factor), a 
temperature of 30 °C and an antibiotic concentration of 40 mg/L (i.e. the upper limits of 
both variables ranges). For these conditions the predicted value is 106.9 mg/g. The 
influence of temperature on the adsorption capacity of this antibiotic is, in the studied 
range, slightly more expressive than that observed for the pH. The model predicts, at pH 6 
a variation between 67.7 and 106.5 mg/g for a temperature increase in the range of 10 to 
30 °C. 
Similarly, to what had been observed for the antibiotic Metronidazole, the value that 
maximizes the response, for the parameter temperature, coincides with the maximum set 
for this variable. These are therefore conditions that maximize the response but not 
necessarily the optimum conditions and it is possible that higher values can be achieved. 
This would imply carrying out a new set of tests where higher temperatures than those 
studied, should be considered but which do not appear to be particularly relevant from a 
practical point of view. Different behaviour is, however, observed for the pH parameter. 
The optimum value clearly lies within the selected range of variation and it is interesting 
to verify the existence of a range of values for which the adsorption capacity displays 
very close values (Fig. 2). A pH range of approximately 4.6 to 7.2 will lead to a response 
variation (qmod) of 90 to 94 mg/g, i.e. ~4 mg/g, (at 20 °C). Similar behaviour is observed 
for the tests performed at 10 and 30 °C. The removal of Sulfamethoxazole appears to have 
a pH range for which the adsorption capacity remains almost independent of this 
parameter. 
Overall the models predict a maximum capacity > 100 mg/g for both compound 
(127 mg/g and 107 mg/g for Metronidazole and Sulfamethoxazole respectively). 
The results highlight the influence of the pH on the amount adsorbed for both antibiotics, 
but the range of pH values that maximize the responses are different. While the removal 
of Metronidazole is favoured by increasing values of pH, coinciding the maximum value 
with the upper limit of the study domain (pH 8), Sulfamethoxazole presents a maximum 
value around 5.5, displaying a decrease in the extent of adsorption as the pH increases. 
The results appear to be linked to both the carbon surface charge and the antibiotic 
speciation. Both Metronidazole and Sulfamethoxazole are ionizable compounds and, 
depending on the pH of the medium, their neutral and ionized forms coexist in solution 
(Table 1). For the typical/common wastewaters pH conditions, Metronidazole will be 
present in its non-ionized form while Sulfamethoxazole will exhibit considerable 
variation in its speciation. Being an amphoteric substance, Sulfamethoxazole may exist 
in its neutral and ionized form, positively or negatively. Thus, at pH values between 5.60 
and 1.85 (pKa1 < pH < pKa2) the neutral form will predominate while at pH values > 5.60 
(pH > pKa2) the anionic species will be dominant. 
For the lowest value evaluated (pH 2) the cationic form of Metronidazole will 
predominate in solution (~80%), decreasing as the pH increases; at pH ~ 4.5 the antibiotic 
will be mainly in its molecular form (~100%). The pH also influences the solubility (and 
hydrophobicity) of the antibiotic, whose maximum value under the conditions of this 
study coincided with the lowest pH studied and decreases with increasing pH (as the 
cationic form decreases in solution) (Rediguieri et al., 2011; Wu and Fassihi, 2005). Thus, 
it is not surprising, that the lower uptake occurs at pH 2, since this are conditions for 
which the activated carbon has a higher density of positive charges (pHsolution < pHpzc) and 
the cationic species predominates in solution. As the pH increases the electrostatic 
repulsion decreases and an increase in the adsorbed amount is expected. Similar results 
for Metronidazole sorption as a function of pH were reported in some recently published 
studies (Ocampo-Pérez et al., 2013; Rivera-Utrilla et al., 2010). 
For the antibiotic Sulfamethoxazole, the lowest adsorbed amount is also observed at pH 2. 
Both the activated carbon surface (pHsolution > pHpzc) and antibiotic are positively (cationic 
form represents ~ 41%) charged and the removal became less favourable due to the 
electrostatic repulsion. At pH 4 approximately 96% of the antibiotic will be on a neutral 
form while in the pH range between 4 and 3 sulfamethoxazole exists mainly in the neutral 
form (>90%), with an isoelectric point around 3.7. At pH 5 the neutral form (~80%) will 
predominate in solution (with the anionic form corresponding to ~20%) while at pH 6 the 
anionic form will account for ~72% and neutral ~28%. As already mentioned, pH values 
around the pHpzc maximize the removal of this antibiotic. At pH 6 the activated carbon 
surface will display global zero charge (pHsolution ~ pHpzc) and therefore, the electrostatic 
repulsions will be at their minimum. The subsequent increase in the solution pH will led 
to a decrease in the Sulfamethoxazole removal. The carbon surface will be negatively 
charged (pHsolution > pHpzc) and the anionic form will also increase in solution. As a result, 
repulsive interactions will be established between the carbon surface and the negatively 
charged antibiotic (dominant in solution). Moreover, the anionic form of 
Sulfamethoxazole is also the most soluble and hydrophilic (Carda-Broch and Berthod, 
2004). Similar results on pH influence have been reported in the literature for the 
antibiotic Sulfamethoxazole (Gao and Pedersen, 2005; Ji et al., 2009; Yang et al., 2011; 
Zhang et al., 2010). 
Overall, the results suggest that pH values near the point of zero charge might constitute 
a good compromise in the removal of these two compounds. 
For pH values around pHpzc, i.e. values ~ 6, the models predict (at 20 °C and concentration 
of 40 mg/L) to Metronidazole a sorption capacity of 106 mg/g and 94 mg/g to 
Sulfamethoxazole. These values were experimentally validated. Langmuir (Eq. (4)) and 
Freundlich (Eq. (5)) isotherms were applied to the experimental adsorption data (in single 
solution solute) for both compounds at pH 6 and 20 °C:(4) 
where QL is maximum adsorption capacity (mg/g) corresponding to a monolayer 
coverage, KL is the adsorption equilibrium constant (L/mg) and Ceq is the equilibrium 
concentration (mg/L) in the aqueous phase.(5) 
where Ceq is the equilibrium concentration (mg/L) in the aqueous phase, KF 
((mg/g/(mg/L)1/nF)) and nF (dimensionless) are model parameters related to the adsorption 
capacity and adsorption intensity, respectively. Experimental results were fitted to Eqs. 
(4), (5) by nonlinear regression (JMP 5.0.1 software) and are summarized in Table 6. 







































The determination coefficient suggest that a better fit is obtained to the Langmuir model. 
The Freundlich model showed higher deviations in the representation of the experimental 
data, i.e. highest differences between the fitted values (qmod) and the experimental values 
(qexp), which can also be confirmed by the visual inspection of the isotherms (Fig. 3). 
However, the F-test indicated the models are not statistically different. The value of Fcal, 
calculated as the ratio between the variances of the two models, was below the tabulated 
F-value for 95% confidence level, though marginally for Sulfamethoxazole. 
 
Fig. 3. Antibiotics adsorption isotherms at 20 °C and pH 6 - Metronidazole (MNZ); 
Sulfamethoxazole (SMX). 
The analysis of the equilibrium data confirms what the optimization studies already 
indicated, that is, a somewhat higher sorption capacity for the antibiotic Metronidazole. 
The difference is not expressive, a maximum capacity of 107.4 mg/g is expected for 
Metronidazole compared to 93.5 mg/g for Sulfamethoxazole. However, the data indicate 
an affinity for the adsorbent significantly higher for the antibiotic Sulfamethoxazole, as 
can be seen from the values obtained for the Langmuir constant. The higher affinity is 
also perceptible in the graphical representation of the isotherms (Fig. 3), through the slope 
of the tangent to the isotherm when the equilibrium concentration tends to zero. This is 
an important feature as it shows an effective removal for low initial concentrations. 
Sorption capacities ranging from 46 to 241 mg/g (pH 6 and 25 °C) for activated carbon 
have recently been reported for the removal of Metronidazole (Carrales-Alvarado et al., 
2014). For Sulfamethoxazole at pH 6, sorption capacities of 11 and 25 mg/g were 
observed in activated carbon (Ji et al., 2009). 
As mentioned before, the adsorption capacity depends on the nature of the activated 
carbon (textural/morphological and chemical characteristics), and solutes (solubility, 
hydrophobicity, functional groups and molecular dimensions). Although lower solubility 
and/or higher hydrophobicity is expected to translate into greater affinity for the solid 
matrix and lead to better removal capabilities, contradictory trends are often observed 
when using these parameters in the analysis of the removal of various compounds. 
Additionally, the nature of the functional groups of the solutes, by affecting the electronic 
density of the aromatic/heterocyclic rings, influences also the interactions with the matrix 
of the adsorbent. The interpretation of the differences in affinity of the solutes has 
constituted, for these reasons, a complex matter. 
As above-mentioned, the pH has a strong influence on the speciation, solubility and 
hydrophobicity of the two antibiotics. At pH 6, Metronidazole is in solution only in its 
neutral form, with the lowest value for solubility and the highest for hydrophobicity; 
Sulfamethoxazole, because of its speciation (at pH 6 the anionic form represents ~72% 
and the neutral ~28%) is more soluble and much less hydrophobic. However, the observed 
trend may also be related to the size of antibiotics. For organic compounds having rings 
of aromatic nature the adsorption occurs, preferably, with a parallel orientation to the 
surface of the basal plane. This orientation increases the contact surface between the 
aromatic rings by maximizing the interactions. The higher size of Sulfamethoxazole and 
particularly its non-planarity may justify the lower adsorption capacity despite the higher 
affinity it has for the activated carbon surface. 
4. Conclusion 
Adsorption extent of organic compounds is known to depend strongly on the intrinsic 
properties of the adsorbent/adsorbate pair. However, it can be also significantly 
influenced by the operating conditions such as: temperature, pH, ionic strength, presence 
of other species in solution, contact time, etc. In this work, the influence of the pH, 
temperature, and the antibiotic initial concentration in the extent of the adsorption, was 
evaluated. A Box-Behnken design with response surface methodology was applied to 
examine the role of the three factors on Metronidazole and Sulfamethoxazole removal. 
Mathematical models were developed for each antibiotic showing the effect of each factor 
and their interactions on the adsorbed amount. The observed pH-dependent adsorption 
can be explained by considering the activated carbon pHpzc and the antibiotic speciation. 
The adsorption equilibrium is well described by the Langmuir model. The maximum 
sorption capacity, predicted by the Langmuir model, is 107.4 mg/g for Metronidazole and 
93.5 mg/g for Sulfamethoxazole, in agreement with data from the experimental design. 
The results suggest that pH values around the activated carbon pHpzc might represent a 
good compromise in the removal of both compounds. The walnut shell based activated 
carbon showed, however, good removal efficiency over a large pH range. Moreover, 
waste based activated carbons might represent valuable options, due to the increased 
demand for ACs. 
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